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(57) ABSTRACT 

An anisotropic vibration isolation mounting assembly 
includes at least two three-parameter vibration isolators each 
having a first end configured for attachment to a rotating 
member assembly or a rotating member assembly housing 
and each having a second, opposing end configured for 
attachment to the rotating member assembly housing where 
the first end is configured for attachment to the rotating mem 
ber assembly or to a system interface member where the first 
member is configured for attachment to the rotating member 
assembly housing. The at least two three-parameter vibration 
isolators are tuned anisotropically to minimize the transmis 
sion of vibrations during operation of the rotating machine. 
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THREE PARAMETER DAMPER 
ANISOTROPIC VIBRATION SOLATION 

MOUNTING ASSEMBLY 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

This invention was made with Government support under 
W911W6-10-2-0008 awarded by the U.S. Army Aviation 
Applied Technology Directorate. The Government has cer 
tain rights in the invention. 

TECHNICAL FIELD 

Embodiments of the subject matter described herein relate 
generally to mounting assemblies. More particularly, 
embodiments of the subject matter relate to anisotropic vibra 
tion isolation assemblies and mounting assemblies for rotat 
ing machinery. 

BACKGROUND 

Vibrations are caused in the normal operation of various 
types of rotating machinery, for example aircraft turbine 
engines and other turbomachinery, rotating devices deployed 
on-board satellite and other spacecraft for attitude adjustment 
purposes, such as control moment gyroscopes and reaction 
wheels, automobile turbochargers, generators and pumps, 
and other rotating machinery. When machinery rotates, there 
can be loads or forces created due to imbalances in the rota 
tion, referred to as synchronous responses. These forces can 
be amplified when the rotating machinery transitions a criti 
cal angular velocity. In addition, rotating machinery can 
experience non-synchronous responses due to de-stabilizing 
forces. Such as a change in direction of travel (directional 
acceleration) or jarring forces such as air turbulence or 
uneven pavement, among others. These forces (synchronous 
and non-synchronous) can result in vibration of the overall 
system associated with the rotating machinery. Such vibra 
tions have a detrimental effect on both the performance of the 
machinery and the comfort of persons who may be present 
on-board a vehicle associated with the rotating machinery 
(e.g., airplane, helicopter, automobile, etc.). 

Jet engines, particularly turbofan engines, contain a num 
ber of components that rotate about a central axis. Because 
vibrations can introduce eccentricity in the rotation, vibra 
tions can degrade the performance of the engine. This 
degraded performance can be manifest as a decrease in thrust, 
which can, in turn, increase the length of a flight as well as the 
fuel required. The vibrations also can travel through the frame 
of the aircraft to compartments containing passengers and 
operators. While not harmful, vibrations can be an unpleasant 
aspect of travel for the occupants. 
The most common approach to reducing the impact of 

vibrations on rotating machinery components is to provide a 
squeeze film damper (SFD). Typically, a bearing rotatably 
Supports a shaft in the machinery, Such as a rotor shaft in the 
example of a jet engine. The bearing is, in turn, Supported by 
a SFD. The SFD damps vibrations from the rotorby providing 
a constant flow of oil to an annular chamber Surrounding the 
bearing. The oil film can be squeezed through one or more 
exit channels when the bearing moves from its central posi 
tion as a result of rotor shaft eccentricity. SFDs are not ideal 
because they offer Sub-optimal damping characteristics while 
still requiring oil and maintenance. Additionally, the use of 
SFDs requires tolerancing for positioning of the rotor shaft 
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2 
and bearings that can introduce variations in the center of 
rotation of the shaft, further reducing performance. 

Additionally, many common approaches to reducing the 
impact of vibrations on rotating machinery provide isotropic 
vibrational damping Support. That is, the mounting assembly 
includes Supports and dampers configured to provide the 
same degree of damping Support in all directions relative to 
the rotation of the machinery. Referring to FIG. 1, an exem 
plary isotropic vibration mounting assembly is shown includ 
ing three identically configured, generic vibration isolators 
10. The vibration isolators 10 are coupled with a circular 
structural housing member 12, for example, a bearing hous 
ing, that houses a bearing assembly and a rotating member, 
for example, a rotor shaft (not shown), with the axis of rota 
tion passing orthogonally through the intersection of the X 
and y-axes. Each vibration isolator 10 is positioned exactly 
120 degrees apart from one another along the circular struc 
tural housing member 12, as indicated by angles 0, thereby 
providing identical levels of vibration isolation and damping 
Support in the X-direction and the y-direction to the structural 
housing member 12, and consequently the rotating member 
housed therein. Isotropic Support systems, however, lack the 
ability to provide effective vibration isolation at the lowest 
frequencies that are typically associated with noise genera 
tion in the passenger cabin of an associated vehicle. Further 
more, isotropic Support systems lack the ability to tune Sup 
port with regard to expected directional accelerations in the 
system. 

BRIEF SUMMARY 

Anisotropic vibration isolation mounting assemblies for 
isolating vibrations in a rotating machine are provided. In one 
embodiment, the mounting assembly includes at least two 
three-parameter vibration isolators each having a first end and 
a second end, each first end configured for attachment to the 
rotating member assembly or the rotating member assembly 
housing, each second end configured for attachment to the 
rotating member assembly housing when the first end is con 
figured for attachment to the rotating member assembly or to 
the system interface member when the first member is con 
figured for attachment to the rotating member assembly hous 
ing. The at least two three-parameter vibration isolators are 
tuned anisotropically to minimize transmission of vibrations 
during operation of the rotating machine. 

In another embodiment, disclosed is a gas turbine engine 
assembly configured to be mounted to an airframe. The gas 
turbine engine assembly includes a gasturbine engine, the gas 
turbine engine comprising a rotor bearing assembly, a rotor 
bearing housing, and an engine casing. The assembly further 
includes at least three three-parameter vibration isolators 
each having a first end and a second end, each first end 
configured for attachment to the rotorbearing assembly or the 
rotor bearing housing, each second end configured for attach 
ment to the rotor bearing housing when the first end is con 
figured for attachment to the rotor bearing assembly or to the 
engine casing when the first member is configured for attach 
ment to the rotor bearing housing. The at least three three 
parameter vibration isolators are tuned anisotropically to 
minimize transmission of vibrations from the gas turbine 
engine to the airframe during operation of the gas turbine 
engine. 

In yet another embodiment, a method is disclosed for pro 
ducing an anisotropic vibration isolation mounting assembly. 
The method includes providing a rotating machine having 
operational characteristics, attaching a plurality of three-pa 
rameter vibration isolators to the rotating machine at different 
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locations on the rotating machine, and independently and 
anisotropically tuning each one of the plurality of three-pa 
rameter vibration isolators to impart vibration isolation to the 
rotating machine based upon the operational characteristics 
of the rotating machine. 

This Summary is provided to introduce a selection of con 
cepts in a simplified form that are further described below in 
the detailed description. This summary is not intended to 
identify key features or essential features of the claimed sub 
ject matter, nor is it intended to be used as an aid in determin 
ing the scope of the claimed subject matter. While certain 
features are discussed with reference to exemplary embodi 
ments, any one of numerous other embodiments of a mount 
ing assembly may be implemented as well. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the Subject matter may 
be derived by referring to the detailed description and claims 
when considered in conjunction with the following figures, 
wherein like reference numbers refer to similar elements 
throughout the figures, and wherein: 

FIG. 1 is an exemplary isotropic vibration mounting 
assembly previously known in the art. 

FIG. 2 is an illustration of the mechanical functioning of a 
three-parameter axial damper; 

FIGS. 3a-3e are schematic diagrams illustrating exem 
plary, alternative mounting arrangements Suitable for use in 
mechanically coupling a vibration isolator, such as a three 
parameter axial damper, in a rotating machine; 

FIG. 4 is a cross-sectional view taken through a portion of 
a gas turbine engine (GTE) and illustrating one manner in 
which a three-parameter vibration isolator can be structurally 
implemented; 

FIGS. 5a, 5b, and 6 are illustrations of anisotropic vibra 
tion isolation assemblies in accordance with the present 
invention. 

FIG. 7 is a flowchart illustrating an exemplary method 700 
for tuning a vibration isolation mounting assembly; and 

FIG. 8 is an exemplary implementation of an anisotropic 
vibration isolation mounting assembly in a simplified cross 
sectional view of a gas turbine engine (GTE) including an 
anisotropic vibration isolation mounting assembly. 

DETAILED DESCRIPTION 

The following detailed description is merely illustrative in 
nature and is not intended to limit the embodiments of the 
Subject matter or the application and uses of Such embodi 
ments. As used herein, the word “exemplary' means 'serving 
as an example, instance, or illustration. Any implementation 
described herein as exemplary is not necessarily to be con 
Strued as preferred or advantageous over other implementa 
tions. Furthermore, there is no intention to be bound by any 
expressed or implied theory presented in the preceding tech 
nical field, background, brief Summary or the following 
detailed description. 

“Coupled The following description refers to elements 
or nodes or features being "coupled together. As used herein, 
unless expressly stated otherwise, “coupled' means that one 
element/node/feature is directly or indirectly joined to (or 
directly or indirectly communicates with) another element/ 
node/feature, and not necessarily mechanically. Thus, 
although the figures show one exemplary arrangement of 
elements, additional intervening elements, devices, features, 
or components may be present in an embodiment of the 
disclosed Subject matter. 
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4 
'Adjust'—Some elements, components, and/or features 

are described as being adjustable or adjusted. As used herein, 
unless expressly stated otherwise, 'adjust means to position, 
modify, alter, or dispose an element or component or portion 
thereofas suitable to the circumstance and embodiment. In 
certain cases, the element or component, or portion thereof, 
can remain in an unchanged position, state, and/or condition 
as a result of adjustment, if appropriate or desirable for the 
embodiment under the circumstances. In some cases, the 
element or component can be altered, changed, or modified to 
a new position, state, and/or condition as a result of adjust 
ment, if appropriate or desired. 

"Inhibit'. As used herein, inhibit is used to describe a 
reducing or minimizing effect. When a component or feature 
is described as inhibiting an action, motion, or condition, for 
example vibration, it may completely prevent the result or 
outcome or future state completely. Additionally, “inhibit” 
can also refer to a reduction or lessening of the outcome, 
performance, and/or effect which might otherwise occur. 
Accordingly, when a component, element, or feature is 
referred to as inhibiting a result or state, it need not com 
pletely prevent or eliminate the result or state. 

In addition, certain terminology may also be used in the 
following description for the purpose of reference only, and 
thus are not intended to be limiting. For example, terms such 
as “front”, “back”, “rear”, “left”, “right”, “center”, “side', 
“outer, and “inner” describe the orientation and/or location 
of portions of the component within a consistent but arbitrary 
frame of reference which is made clearby reference to the text 
and the associated drawings describing the component under 
discussion. Such terminology may include the words specifi 
cally mentioned above, derivatives thereof, and words of 
similar import. Similarly, the terms “first”, “second and 
other such numerical terms referring to structures do not 
imply a sequence or order unless clearly indicated or explic 
itly stated. 

Anisotropic vibration isolation mounting assemblies for 
isolating vibrations in a rotating machine are disclosed 
herein. A mounting assembly in accordance with the present 
disclosure may include one, two, three, four, or more indi 
vidual vibration isolators configured for couplinganisotropi 
cally with the rotating machine to reduce vibration within an 
overall system associated with the rotating machine, for 
example and aircraft, helicopter, spacecraft, automobile, gen 
erator, pump, etc. 

In one embodiment, a vibration isolator may be provided as 
a three-parameter axial damper. One example of a Suitable 
three-parameter axial damper is the passive-mass damping 
D-STRUTTM vibration isolator, manufactured by Honeywell, 
Inc. of Morristown, N.J. The D-STRUTTM vibration isolator 
is a three-parameter vibration isolation system that mechani 
cally acts like a first spring (K) in parallel with a second 
spring (K) in series with a damper (C.). The D-STRUTTM 
vibration isolator is disclosed in U.S. Pat. No. 5,332,070 
entitled “Three Parameter Viscous Damper and Isolator to 
Davis et al. (the contents of which are herein incorporated by 
reference in their entirety). The D-STRUTTM vibration isola 
tor includes a hollow shaft and a piston that is configured to 
slidably move through the shaft. The piston includes a flange 
that extends radially from a midsection thereof. The flange 
has a top surface that is coupled to a first sealed bellows and 
a bottom surface that is coupled to a second sealed bellows. 
Each of the bellows has a chamber that is filled with fluid. 
Thus, when the piston moves axially through the shaft, fluid 
flows from one of the bellows chambers to the other. 

FIG. 2 is illustrative of the mechanical functioning of a 
three-parameter axial damper, such as the D-STRUTTM vibra 
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tion isolator for example. As shown therein, the three-param 
eter vibration isolator 14 is employed between the structural 
housing member 12, for example, a bearing housing, and the 
overall system associated with the rotating machinery, 
depicted generally as system interface member 16, and is 
securely coupled to both the structural housing member 12 
and the system interface member 16 by, for example, bolts 
(not shown) or other fastening components. The three-param 
eter vibration isolator 14 includes a primary spring 30 (K) in 
parallel with a series damper element 32 (C) and secondary 
stiffness element 34 (K), Such as another spring. The spring 
element 30 makes the vibration isolator 14 softer than the 
structural housing member 12 and the system interface mem 
ber 16. The primary spring 30 and the secondary stiffness 
element 34 maintain the vibration isolator 14 at a level of 
stiffness sufficient to inhibit communication of low frequency 
vibrational forces while the damper element 32 provides 
enough softness to inhibit communication of high frequency 
vibrational forces. 

In another example, a Suitable three-parameter axial 
damper is an active-passive Hybrid D-STRUTTM vibration 
isolator, manufactured by Honeywell, Inc. of Morristown, 
N.J. The Hybrid D-STRUTTM vibration isolator includes the 
passive-mass damping mechanism of the passive D-Strut TM 
vibration isolator and an active enhancement mechanism. 
The active enhancement mechanism enhances the force dis 
sipation of the passive damping mechanism and includes an 
actuator mechanism which has a voice coil actuator system 
(such as a Lorentz force actuator) that can be tuned to damp a 
desired vibration. The Hybrid D-STRUTTM vibration isolator 
is disclosed in U.S. Pat. No. 6,003,849 entitled “Hybrid Iso 
lator and Structural Control Actuator Strut’ to Davis and 
Hyde (the contents of which are herein incorporated by ref 
erence in their entirety). 

In another embodiment, a vibration isolator may be pro 
vided as other than a three-parameter axial damper. For 
example, Suitable vibration isolators for use in accordance 
with embodiments of the present disclosure may alternatively 
or additionally include electrically controlled isolators or 
actively controlled dynamic actuators, or other vibrations 
isolators as are known in the art. These alternate vibration 
isolators have tunable parameters, and as Such may be 
employed anisotropically as described herein. 

FIG.3a is a schematic diagram illustrating three alternative 
mounting arrangements Suitable for use in mechanically cou 
pling a vibration isolator, Such as a three-parameter axial 
damper, in a rotating machine between the rotating member 
and the rest of the system. Each of vibration isolators 14a-14c 
are kinetically coupled between system interface member 16, 
which may be, for example, an engine case/housing, and a 
rotating member assembly 13, Such as a rotor bearing assem 
bly. Rotating member assembly 13 Supports a rotating mem 
ber 15, such as a rotatable shaft or spool, and is enclosed by a 
structural housing member 12. In the simplified schematic 
shown in FIG. 3a, rotating member assembly 13 is generi 
cally illustrated as consisting solely of ball bearings 17; how 
ever, it will be appreciated that rotating member assembly 13 
may include any number and type of rotor bearings, including 
other types of rolling element bearings (e.g., rollerbearings), 
oil journal bearings, oil floating ring bearings, airbearings, air 
foil bearings, gas bearings, magnetic bearings, and any num 
ber of additional structural elements supportive of or other 
wise coupled to the rotating assembly bearings. 

Three-parameter vibration isolators 14a-14c are circum 
ferentially arranged or spaced around the rotational axis of 
rotating member assembly 13 and, more generally, the rota 
tional axis of the rotor assembly. In preferred embodiments, 
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6 
vibration isolators 14a-14c assume the form of or include 
elongated Struts, which extend radially in a radial configura 
tion. Collectively, vibration isolators 14a-14c provide damp 
ing within a plane (the x-y plane) Substantially orthogonal to 
the rotational axis of the rotor assembly and to the rotating 
member centerline (i.e., the Z-axis). 
The mounting arrangement of vibration isolator 14a 

includes a vibration isolator mounting member 19 coupled to 
the exterior surface of the bearing housing 12, with the vibra 
tion isolator 14a strut extending radially inwardly through 
bearing housing 12 to provide vibration damping directly to 
the bearing assembly 13 positioned centrally therein. The 
vibration isolator 14b includes a vibration isolator mounting 
member 19 coupled to the exterior surface of the bearing 
housing 12, with the vibration isolator 14b strut extending 
radially outwardly to provide vibration damping directly to 
the system interface member 16. As additionally shown in 
FIG. 3a, the vibration isolator 14c includes a vibration isola 
tormounting member 19 coupled to the exterior surface of the 
system interface member 16, with the vibration isolator 14c 
Strut extending radially inwardly to provide vibration damp 
ing directly to the bearing housing 12. As discussed above, a 
mounting assembly in accordance with the present disclosure 
may include one, two, three, four, or more individual vibra 
tion isolators 14, and as such may include any combination of 
isolators mounted in any of the manners of vibration isolators 
14a through 14c. 

FIGS. 3b through 3e illustrate four exemplary arrange 
ments of the numerous possible combinations of one, two, 
three, four, or more of vibration isolators 14a, 14b, and 14c. 
As shown in FIG. 3b, three vibration isolators 14c are shown 
mounted between the rotor bearing assembly 13 and the bear 
ing housing 12, positioned generally equidistant from one 
another. This configuration may also include a rigid attach 
ment member 21 or a plurality of rigid attachment members 
21 to provide rigid support between the interface member 16 
and the bearing housing 12. As shown in FIG.3c, four vibra 
tion isolators 14b are shown mounted between the system 
interface member 16 and the bearing housing 12, positioned 
generally equidistant from one another. As shown in FIG.3d. 
four vibration isolators 14c are shown mounted between the 
system interface member 16 and the bearing housing 12. 
positioned generally equidistant from one another. Further 
more, as shown in FIG.3e, a total of eight vibration isolators, 
four vibration isolators 14a and four vibration isolators 14c, 
are shown mounted between the bearing housing 12 and the 
bearing assembly 13, positioned generally equidistant from 
one another. Numerous other configurations and combina 
tions are possible. 

Three-parameter vibration isolators 14a-14c can be imple 
mented in any manner and may include any number of struc 
tural elements providing the above-described three parameter 
functionality, including the above-described Honeywell 
D-STRUTTM implementations. In an exemplary embodi 
ment, FIG. 4 is a cross-sectional view taken through a portion 
of gas turbine engine (GTE) 18 and illustrating one manner in 
which a three-parameter vibration isolator 14 can be structur 
ally implemented. In addition to three-parameter vibration 
isolator 14, the illustrated portion of GTE 18 includes a first 
rotating blade 90 included within high pressure (HP) turbine 
40, a second rotating blade 92 included within low pressure 
(LP) turbine 42, a stator vane 94 positioned between HP 
turbine 40 and LP turbine 42, and a rotor bearing assembly 
support 66. Rotorbearing assembly support 66 includes a first 
rotor bearing 96, a second rotor bearing 98, and a stationary 
bearing housing member 100 (e.g., a conical wall). Three 
parameter vibration isolator 14 includes a main damper unit 



US 9,297,438 B2 
7 

102, which is mounted to the exterior of engine case 38; and 
an elongated strut 104, the outer radial end of which attaches 
to main damper unit 102 through a radial opening 106 pro 
vided in engine case 38. Strut 104 extends radially inward 
from main damper unit 102, through stator vane 94, and to 
bearing housing member 100. The inner radial end of strut 
104 is affixed to bearing housing member 100 utilizing, for 
example, a plurality of bolts 108 or other such fasteners. 
Main damper unit 102 includes a damper housing 110 

containing first and second radially-compliant flexures 112 
and 114. Flexure 114 is affixed to the outer end of strut 104 by 
way of a radial adjustment device 116, and flexure 112 is 
fixedly coupled to the outer end of strut 104 by a radial 
extension piece 118. Notably, radial adjustment device 116 
enables the radial position of strut 104, and thus the radial 
position of rotor bearing assembly 66, to be fine-tuned after 
assembly of GTE 18 to provide centerline adjustment; i.e., 
precise centering of the rotor assembly spool. By way of this 
exemplary structural arrangement, flexures 112 and 114 are 
each mechanically coupled between strut 104 and damper 
housing 110 or, more generally, between rotorbearing assem 
bly 66 and engine case 38. Flexure 112 cooperates with the 
interior of housing 110 to define a hydraulic chamber 120 
within main damper unit 102, which is filled with a silicon oil 
or other suitable damping fluid. Hydraulic chamber 120 is 
fluidly coupled to a bellows 122 by way of a fluid conduit or 
channel 124. Collectively, hydraulic chamber 120, bellows 
122, and conduit 124, along with the damping fluid contained 
therein, form a damper device 126. During operation of main 
damper unit 102, the geometry of hydraulic chamber 120 
changes in conjunction with deflections of flexure 112, and 
hydraulic fluid flows between hydraulic chamber 120 and 
bellows 122 as required to accommodate Such geometric 
changes. Damping is thus provided by viscous losses as the 
damping fluid is exchanged between hydraulic chamber 120 
and bellows 122. Bellows 122 serves the function of supply 
ing a pre-load pressure into the system, as well as serving as 
a thermal compensation device to accommodate Volumetric 
changes in damping fluid. In further embodiments, bellows 
122 may be replaced by a rigid damping fluid chamber, in 
which case damper device 126 may include an independent 
thermal compensation device (e.g., a spring-loaded piston) 
fluidly coupled to hydraulic chamber 120. Damper device 
126 may be further equipped with include a fill port 128 to 
permit post-assembly filling of hydraulic chamber 120. 

During operation of three-parameter vibration isolator 14, 
vibrations emitted from the rotor assembly are transmitted 
through rotor bearing Support assembly 66, through radially 
disposed strut 104, and to main damper unit 102. Main 
damper unit 102 servers as a three parameter device providing 
two vibration transmission paths to engine case 38. The first 
vibration transmission path extends from strut 104 through 
flexure 114 and to damper housing 110 and, therefore, to 
engine case 38. Vibrations traveling along this path are effec 
tively shunted around flexure 112 and hydraulic chamber 120. 
Vibrations transmitted along this path are attenuated by 
deflection offlexure 114, which serves as the main spring and 
is wholly or predominately determinative the main spring rate 
K. The second vibration transmission path extends from 
strut 104, through flexure 112, through hydraulic chamber 
120, and to damper housing 110. Vibrations transmitted along 
this path are thus attenuated both by deflection offlexure 112, 
which functions as the tuning spring, and by the correspond 
ing displacement of damping fluid within damper device 126. 
Flexure 112 is a small contributor to the overall K parameter, 
and is additionally part of the parameter K in that K is 
determined by the compliance of the containment chamber 
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8 
generally formed by flexures 110 and 112 and bellows 122. 
Lastly, damper device 126 is wholly or predominately deter 
minative of the damper constant C. 
The structural implementation of three-parameter vibra 

tion isolator 14 described above in conjunction with FIG. 4 is 
provided by way of non-limiting example only. In further 
embodiments, axial dampers 14a-14c (FIG. 3) may assume 
other forms. Commercially-available vibration isolators are 
commonly packaged as elongated Struts, which may be cir 
cumferentially positioned around the rotor assembly in a 
spoke-type arrangement with each strut affixed, for example, 
between the rotor bearing assembly and the engine case, or in 
one or more of the manners as shown in FIG. 2 with regard to 
exemplary vibration isolators 14a-14c. 
The various vibration isolation configurations described 

heretofore may be implemented anisotropically to provide 
vibration damping across a range of frequencies and for a 
range of both synchronous and non-synchronous responses. 
Broadly speaking, the termanisotropic refers to any configu 
ration having properties that differ according to the direction 
of measurement. Anisotropic vibration isolation may be pro 
vided in a variety of forms, including non-equally spaced 
vibration isolators and non-equally tuned vibration isolators, 
or various combinations of both. 

In one embodiment, as shown in FIG. 5a, an anisotropic 
vibration isolation assembly includes three equally spaced, 
but non-equally tuned three-parameter vibration isolators 
14(1), 14(2), and 14(3). Each of vibration isolations 14(1), 
14(2), and 14(3) include parameters K, K, and C, as dis 
cussed above. Particularly, vibration isolator 14(1) includes 
parameters K, K, and C. vibration isolator 14(2) 
includes parameters K, K, and C, and vibration isolator 
14(3) includes parameters K. K. and C. In an isotropic 
configuration Kai-K42-Kus, K-K-Kas, and 
C-C-C. In an anisotropic configuration, at least one of 
K1, K2, and K4s are not equal, or at least one of K1, K2, 
and Ks are not equal, or at least one of C1, C2, and C are 
not equal. FIG. 5b shows a configuration similar to FIG.5a, 
but having four equally spaced, non-equally tuned three 
parameter vibrations isolators 14(1), 14(2), 14(3), and 14(4). 
In this configuration, vibration isolator 14(4) includes param 
eters K. K. and C, wherein one or more of such param 
eters may not equal to any of the other parameters K. 
Kai-3, and CA1-3. 

In another embodiment, as shown in FIG. 6, an anisotropic 
vibration isolation assembly includes three non-equally 
spaced, but equally tuned three-parameter vibration isolators 
14(C), 14(B), and 14(y). Each of vibration isolators 14(C), 
14(3), and 14(y) include the same parameters K, K, and C. 
However, the spacing between vibration isolators 14(C), 
14(B), and 14(Y), is not constant. With reference to conven 
tional geometric coordinates, the arrow in structural housing 
member 12 denotes a radial position of 0°. As such, isolator 
14(C) is positioned around the member 12 at approximately 
angle C=0, isolator 14(B) is positioned around the member 
12 at approximately angle B=90°, and isolator 14(Y) is posi 
tioned around the member 12 at approximately angle Y=240°. 
As such, the spacing between vibration isolators 14(C) and 
14(B) is approximately 90°, the spacing between vibration 
isolators 14(B) and 14(y) is approximately 150°, and the spac 
ing between vibration isolators 14(Y) and 14(C) is approxi 
mately 120°. 
Of course, in other embodiments, one, two, three, four, or 

more three-parameter vibration isolators 14 may be provided 
as either equally spaced or non-equally spaced, and as having 
either equal parameters or non-equal parameters, or combi 
nations thereof. In addition, the tuning of the vibration isola 
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tor, the strut and the Support structures can be considered part 
of the K spring or other portions of various vibrator isolator 
types. The FIGS. 5a, 5b, and 6 are provided merely as non 
limiting examples, and those having ordinary skill in the art 
will envision other configurations in accordance with the 
teachings of the present disclosure. 
As anisotropic vibration isolation mounting assemblies 

can be used generally in connection with any machine or 
apparatus including a rotating member, as discussed above, 
procedures will be presently described to tune Such an assem 
bly for any given implementation. FIG. 7 is a flowchart illus 
trating an exemplary method 700 for tuning a vibration iso 
lation mounting assembly. At step 701, the assembly is tuned 
first for isotropic Support requirements including, but not 
limited to, Support during critical rotational speeds, Support 
during unbalanced responses, and Support during maneuver 
deflections. For example, a particular implementation may 
have a known vibration frequency at a critical rotation speed. 
In another example, a particular implementation may be 
known to require Support at frequently-encountered maneu 
ver deflections, such as turns and altitude increases and 
decreases using the example of an aircraft. At step 702, the 
assembly is tuned next for anisotropic Support requirements 
relating to critical speeds that may be encountered in the 
horizontal and vertical directions. At step 703, the assembly is 
tuned to reduce known low-frequency vibrations that can 
cause unpleasant noise in an associated passenger compart 
ment. Other tuning steps can optionally be incorporated to 
optimize other vibrations that may be known to be encoun 
tered, or to enhance the performance and life of the rotating 
machine to which the assembly is mounted. The term “tun 
ing as used herein with reference to FIG. 7 can include any 
one or more of the adjustments and variations to the assembly 
as discussed above, including varying the number of vibration 
isolators provided, varying the mounting of the vibration 
isolators provided, varying the parameters of the vibrations 
isolators provided (for example, the parameters K, K, and 
C in the three-parameter vibration isolators 14 discussed 
above), and varying the relative spacing of the vibration iso 
lators provided, among other things. 

EXAMPLE 

An exemplary implementation of an anisotropic vibration 
isolation mounting assembly is depicted in FIG. 8 in a sim 
plified cross-sectional view ofagas turbine engine (GTE) 818 
including an anisotropic vibration isolation mounting assem 
bly 820. By way of example, GTE 818 is illustrated in FIG. 8 
as a two spool turbofan engine including an intake section 
822, a compressor section 824, a combustion section 826, a 
turbine section 828, and an exhaust section 830. Intake sec 
tion 822 includes an intake fan 832 mounted in a nacelle 
assembly 834. In the illustrated example, compressor section 
824 includes a single compressor 836, which is rotatably 
disposed within an engine case 838 mounted within nacelle 
assembly 834. Turbine section 828 includes a high pressure 
(HP) turbine 840 and a low pressure (LP) turbine 842, which 
are rotatably disposed within engine case 38 in flow series. 
Compressor 836 and HP turbine 840 are mounted to opposing 
ends of an HP shaft or spool 844, and intake fan 832 and LP 
turbine 842 are mounted to opposing ends of a LP shaft or 
spool 46. LP spool 846 and HP spool 844 are co-axial; that is, 
LP spool 846 extends through a longitudinal channel pro 
vided through HP spool 844. Engine case 838 and nacelle 
assembly 834 terminate in a mixer nozzle 848 and a propul 
sion nozzle 850, respectively. Mixer nozzle 848 cooperates 
with a center body 852 to form an exhaust mixer 854, which 
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10 
mixes hot combustive gas flow received from turbine section 
828 with cooler bypass airflow during operation of GTE 818. 

During operation of GTE 818, air is drawn into intake 
section 822 and accelerated by intake fan 832. A portion of the 
accelerated air is directed through a bypass flow passage 856, 
which is provided between nacelle assembly 834 and engine 
case 838 and conducts this airflow over and around engine 
case 838. The remaining portion of air exhausted from intake 
fan 832 is directed into compressor section 836 and com 
pressed by compressor 836 to raise the temperature and pres 
sure of the core airflow. The hot, compressed airflow is sup 
plied to combustion section 826 wherein the air is mixed with 
fuel and combusted utilizing one or more combustors 588 
included within section 826. The combustive gasses expand 
rapidly and flow through turbine section 828 to rotate HP 
turbine 840 and LP turbine 842. The rotation of turbines 840 
and 842 drives the rotation of spools 844 and 846, respec 
tively, which, in turn, drives the rotation of compressor 836 
and intake fan 832. After flowing through turbine section 828, 
the combustive gas flow is then directed into exhaust section 
830 wherein mixer 854 mixes the combustive gas flow with 
the cooler bypass air received from bypass flow passages 856. 
Finally, the combustive gas flow is exhausted from GTE 818 
through propulsion nozzle 850 to produce forward thrust. 
Due to rotor imbalances, bearing imperfections, de-stabi 

lizing forces, and the like, vibrations are produced during 
rotation of spools 844 and 846, and transmitted through the 
non-illustrated rotor bearing assemblies, through engine case 
838, and ultimately to the aircraft fuselage. The transmission 
of vibrations to the fuselage can decrease passenger comfort, 
detract from engine performance, and limit the operational 
lifespan of the rotor bearing assemblies and other engine 
components. Exemplary anisotropic vibration isolation sys 
tem 820, including two three-parameter vibration isolators 
814(1) and 814(2) that are configured anisotropically having 
different parameter values K. K., and C, is provided for 
reducing the magnitude of vibrations of the rotor system, as 
well as the vibratory forces transmitted from the rotor assem 
bly to engine case 838. 

In so doing, anisotropic vibration isolation assembly 820 is 
able to provide highly effective vibration attenuation through 
multiple rotor critical modes distributed across the frequency 
range of the rotor assembly during operation of GTE 818. As 
a further advantage, assembly 820 provides a highly-tunable 
stiffness profile. As a result, assembly 820 can be tuned to 
provide static and dynamic stiffnesses to improve rotor cen 
terline control and thereby improve the overall efficiency of 
GTE 818, and to reduce low-frequency vibrations that may 
cause unpleasant cabin noise in an associated aircraft. While 
this example is described in conjunction with a gas turbine 
engine, it is emphasized that embodiments of assembly 820 
can be utilized in conjunction with other types of rotating 
machinery. 

While at least one exemplary embodiment has been pre 
sented in the foregoing detailed description, it should be 
appreciated that a vast number of variations exist. It should 
also be appreciated that the exemplary embodiment or 
embodiments described herein are not intended to limit the 
Scope, applicability, or configuration of the claimed Subject 
matter in any way. Rather, the foregoing detailed description 
will provide those skilled in the art with a convenient road 
map for implementing the described embodiment or embodi 
ments. It should be understood that various changes can be 
made in the function and arrangement of elements without 
departing from the scope defined by the claims, which 
includes known equivalents and foreseeable equivalents at 
the time offiling this patent application. 
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What is claimed is: 
1. An anisotropic vibration isolation mounting assembly 

that is mounted on and provides vibration isolation to a rotat 
ing machine, wherein the rotating machine is selected from 
the group consisting of a gas turbine engine, a spacecraft 
navigational component, a pump, a turbocharger, and a gen 
erator, the rotating machine comprising a rotating member 
assembly that rotates about an axis of rotation, a rotating 
member assembly housing, and a system interface member, 
the vibration isolation mounting assembly comprising: 

at least three three-parameter vibration isolators that each 
comprise a first spring element that is mechanically con 
figured in parallel with a second spring element that is 
mechanically configured in series with a damper ele 
ment, each three-parameter vibration isolator having a 
first end and a second end, wherein each first end is 
attached to the rotating member assembly or the rotating 
member assembly housing, each second end is attached 
to the rotating member assembly housing when the first 
end is attached to the rotating member assembly or to the 
system interface member when the first end is attached 
to the rotating member assembly housing, and further 
wherein the at least three three-parameter vibration iso 
lators are tuned anisotropically to minimize transmis 
sion of vibrations during operation of the rotating 
machine, wherein anisotropic tuning comprises 1) the at 
least three three-parameter vibration isolators are 
unequally spaced circumferentially about the rotating 
member assembly or the rotating member assembly 
housing such that at least one of the vibration isolators is 
differently spaced circumferentially with respect to its 
nearest two neighboring vibration isolators, or 2) the 
tuning parameters of one of the first spring element, the 
second spring element, or the damper element of one of 
the at least three three-parameter vibration isolators dif 
fer from the tuning parameters of a respective one of the 
first spring element, the second spring element, or the 
damper element of another one of the at least three 
three-parameter vibration isolators, wherein the at least 
three three-parameter vibration isolators cooperate to 
anisotropically minimize transmission of vibrations by 
damping vibrations in accordance with a first tuning in a 
first axis and in accordance with a second tuning in a 
second axis, the first tuning being different from the 
second tuning, each of the first and second axes being 
orthogonal to the axis of rotation, and each of the first 
and second axes being orthogonal to one another, and 
wherein the at least three three-parameter vibration iso 
lators at different radial elevations with respect to the 
rotating member assembly, such that at least a first vibra 
tion isolator is located radially-outward from the rotat 
ing member assembly with respect to at least a second 
vibration isolator, the at least a second vibration isolator 
being circumferentially off-set from the at least a first 
vibration isolator. 

2. The anisotropic vibration isolation mounting assembly 
of claim 1, wherein one of the at least three three-parameter 
vibration isolators has the first end thereof configured for 
attachment to the rotating member assembly and the second 
end thereof configured for attachment to the rotating member 
assembly housing, and wherein another of the at least three 
three-parameter vibration isolators has the first end thereof 
configured for attachment to the rotating member assembly 
housing and the second end thereof configured for attachment 
to the system interface member. 
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3. The anisotropic vibration is isolation mounting assem 

bly of claim 1, wherein each of the at least three three 
parameter vibration isolators comprises a mounting portion 
and a strut portion. 

4. The anisotropic vibration isolation mounting assembly 
of claim 1, wherein the at least three three-parameter vibra 
tion isolators are mounted at non-equal circumferential dis 
tances from one another circumferentially about the rotating 
machine at the same axial position with respect to the axis of 
rotation. 

5. The anisotropic vibration isolation mounting assembly 
of claim 4, wherein one of the at least three three-parameter 
vibration isolators is configured having vibration damping 
parameters that differ from at least one other of the at least 
three three-parameter vibration isolators. 

6. The anisotropic vibration isolation mounting assembly 
of claim 1, wherein one of the at least three three-parameter 
vibration isolators is configured having vibration damping 
parameters that differ from at least one other of the at least 
three three-parameter vibration isolators. 

7. The anisotropic vibration isolation mounting assembly 
of claim 1, wherein the at least three three-parameter vibra 
tion isolators are tuned anisotropically to minimize the trans 
mission of low-frequency vibrations during operation of 
rotating machine. 

8. The anisotropic vibration isolation mounting assembly 
of claim 1, wherein the at least three three-parameter vibra 
tion isolators are tuned anisotropically to minimize the trans 
mission of critical speed-induced vibrations during operation 
of rotating machine. 

9. The anisotropic vibration isolation mounting assembly 
of claim 1, wherein the at least three three-parameter vibra 
tion isolators are tuned anisotropically to minimize the trans 
mission of maneuver deflection-induced vibrations during 
operation of rotating machine. 

10. A gas turbine engine assembly configured to be 
mounted to an airframe, the gas turbine engine assembly 
comprising: 

a gas turbine engine, the gas turbine engine comprising a 
rotor bearing assembly that rotates about an axis of 
rotation, a rotor bearing housing, and an engine casing: 
and 

at least three three-parameter vibration isolators that each 
comprise a first spring element that is mechanically con 
figured in parallel with a second spring element that is 
mechanically configured in series with a damper ele 
ment, each three-parameter vibration isolator having a 
first endanda second end, each first end is attached to the 
rotor bearing assembly or the rotor bearing housing, 
each second end is attached to the rotor bearing housing 
when the first end is attached to the rotor bearing assem 
bly or to the engine casing when the first end is attached 
to the rotor bearing housing, the at least three three 
parameter vibration isolators tuned anisotropically to 
minimize transmission of vibrations from the gas tur 
bine engine to the airframe during operation of the gas 
turbine engine, wherein anisotropic tuning comprises 1) 
the at least three three-parameter vibration isolators are 
unequally spaced circumferentially about the rotor bear 
ing assembly or the rotor bearing assembly housing Such 
that at least one of the vibration isolators is differently 
spaced circumferentially with respect to its nearest two 
neighboring vibration isolators, or 2) the tuning param 
eters of one of the first spring element, the second spring 
element, or the damper element of one of the at least 
three three-parameter vibration isolators differ from the 
tuning parameters of a respective one of the first spring 
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element, the second spring element, or the damper ele 
ment of another one of the at least three three-parameter 
vibration isolators, wherein the at least three three-pa 
rameter Vibration isolators cooperate to anisotropically 
minimize transmission of vibrations by damping vibra 
tions in accordance with a first tuning in a first axis and 
in accordance with a second tuning in a second axis, the 
first tuning being different from the second tuning, each 
of the first and second axes being orthogonal to the axis 
of rotation, and each of the first and second axes being 
orthogonal to one another, and wherein the at least three 
three-parameter vibration isolators at different radial 
elevations with respect to the rotating bearing assembly, 
Such that at least a first vibration isolator is located 
radially-outward from the rotating bearing assembly 
with respect to at least a second vibration isolator, the at 
least a second vibration isolator being circumferentially 
off-set from the at least a first vibration isolator. 

11. The gas turbine engine assembly of claim 10, compris 
ing at least four three-parameter vibration isolators. 

12. The gas turbine engine assembly of claim 10, wherein 
each of the at least three three-parameter vibration isolators 
comprises a strut portion and a mounting portion. 

13. The gas turbine engine assembly of claim 12, wherein 
the strut portion comprises a first spring element in parallel 
with a damping element and a second spring element, the 
damping element and the second spring element being in 
series with one another. 

14. The gas turbine engine assembly of claim 13, wherein 
one of the at least three three-parameter vibration isolators is 
configured having vibration damping parameters that differ 
from at least one other of the at least three three-parameter 
vibration isolators. 

15. The gas turbine engine assembly of claim 10, wherein 
the at least three three-parameter vibration isolators are tuned 
anisotropically to minimize the transmission of one or more 
of low-frequency vibrations, critical speed-induced vibra 
tions, and maneuver deflection-induced vibrations during 
operation of the gas turbine engine. 

16. A method for producing an anisotropic vibration isola 
tion mounting assembly for mounting on and providing 
Vibration isolation to a rotating machine, wherein the rotating 
machine is selected from the group consisting of: a gas tur 
bine engine, a spacecraft navigational component, a pump, a 
turbocharger, and a generator, the rotating machine compris 
ing a rotating member assembly that rotates about an axis of 
rotation, a rotating member assembly housing, and a system 
interface member, the method comprising: 

providing the rotating machine, wherein the rotating 
machine has operational characteristics; 

attaching a plurality of three-parameter vibration isolators 
that each comprise a first spring element that is mechani 
cally configured in parallel with a second spring element 
that is mechanically configured in series with a damper 
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element to the rotating machine at different circumfer 
ential locations circumferentially about the rotating 
machine; and 

independently and anisotropically tuning each one of the 
plurality of three-parameter vibration isolators to impart 
vibration isolation to the rotating machine based upon 
the operational characteristics of the rotating machine, 
wherein independent and anisotropic tuning comprises 
1) the at least three three-parameter vibration isolators 
are unequally spaced circumferentially about the rotat 
ing member assembly or the rotating member assembly 
housing such that at least one of the vibration isolators is 
differently spaced circumferentially with respect to its 
nearest two neighboring vibration isolators, or 2) the 
tuning parameters of one of the first spring element, the 
second spring element, or the damper element of one of 
the at least three three-parameter vibration isolators dif 
fer from the tuning parameters of a respective one of the 
first spring element, the second spring element, or the 
damper element of another one of the at least three 
three-parameter vibration isolators, and wherein inde 
pendently and anisotropically tuning comprises tuning 
Such that each one of the plurality of three three-param 
eter vibration isolators cooperate to anisotropically 
minimize transmission of vibrations by damping vibra 
tions in accordance with a first tuning in a first axis and 
in accordance with a second tuning in a second axis, the 
first tuning being different from the second tuning, each 
of the first and second axes being orthogonal to the axis 
of rotation, and each of the first and second axes being 
orthogonal to one another and, wherein the at least three 
three-parameter vibration isolators at different radial 
elevations with respect to the rotating member assembly, 
Such that at least a first vibration isolator is located 
radially-outward from the rotating member assembly 
with respect to at least a second vibration isolator, the at 
least a second vibration isolator being circumferentially 
off-set from the at least a first vibration isolator. 

17. The method of claim 16, wherein independently and 
anisotropically tuning comprises attaching the plurality of 
three-parameter vibration isolators circumferentially at an 
unequal circumferential spacing about the rotating machine 
but at the same axial position with respect to the axis of 
rotation, each of the plurality of three-parameter vibration 
isolators comprising the same damping parameters. 

18. The method of claim 16, wherein independently and 
anisotropically tuning comprises attaching the plurality of 
three-parameter vibration isolators circumferentially at an 
equal circumferential spacing about the rotating machine and 
at the same axial position with respect to the axis of rotation, 
at least one vibration isolator of the plurality of three-param 
eter vibration isolators comprising damping parameters that 
differ from at least one other vibration isolator of the plurality 
of three parameter vibration isolators. 


